RecBCD is an ATP-dependent helicase and exonuclease which generates 3 0 single-stranded DNA (ssDNA) ends used by RecA for homologous recombination. The exonuclease activity is altered when RecBCD encounters a Chi sequence (5 0 -GCTGGTGG-3 0 ) in double-stranded DNA (ds DNA), an event critical to the generation of the 3 0 -ssDNA. This study tests the effect of ssDNA oligonucleotides having a Chi sequence (Chi + ) or a single base change that abolishes the Chi sequence (Chi o ), on the enzymatic activities of RecBCD. Our results show that a 14 and a 20mer with Chi + in the center of the molecule inhibit the exonuclease and helicase activities of RecBCD to a greater extent than the corresponding Chi o oligonucleotides. Oligonucleotides with the Chi sequence at one end, or the Chi sequence alone in an 8mer, failed to show Chi-specific inhibition of RecBCD. Thus, Chi recognition requires that Chi be flanked by DNA at either end. Further experiments indicated that the oligonucleotides inhibit RecBCD from binding to its dsDNA substrate. These results suggest that a specific site for Chi recognition exists on RecBCD, which binds Chi with greater affinity than a non-Chi sequence and is probably adjacent to non-specific DNA binding sites.
INTRODUCTION
The RecBCD enzyme of Escherichia coli is a multifunctional enzyme involved in the repair of double-strand DNA (dsDNA) breaks by RecA-dependent homologous recombination [reviewed in (1, 2) ]. RecBCD enzyme generates a 3 0 -ended stretch of single-stranded DNA (ssDNA) which can be used as a substrate by the RecA and single-stranded DNA binding (SSB) proteins to carry out homologous recombination (2) . The RecBCD holoenzyme is a DNA-dependent ATPase (3), ATP-dependent helicase (4) (5) (6) , an exonuclease (3 0 to 5 0 and 5 0 to 3 0 ) on single-and double-stranded DNA (3, 7) and a ssDNA endonuclease (3) . Of the three subunits of the enzyme, RecB is a DNA helicase, ATPase and nuclease (8) (9) (10) (11) , RecD is an ATPase and helicase (12) (13) (14) and RecC is speculated to play some role in Chi sequence recognition [see below and (15) ].
Critical to RecBCD-mediated generation of 3 0 -ended ssDNA is the encounter with and recognition of a specific octameric regulatory sequence called the Chi sequence (2, 16, 17) . This sequence [5 0 -GCTGGTGG-3 0 ; (18) ] is recognized by RecBCD only when the enzyme encounters it from its 3 0 -end in dsDNA (19) . The enzyme cleaves the Chi-containing strand 4 to 6 nt to the 3 0 side of Chi and continues to unwind beyond Chi, generating a 3 0 -terminated single strand (19, 20) . RecA protein is loaded specifically onto this 3 0 -terminated strand to initiate homologous recombination (21) (22) (23) . Chi sites are thus hot-spots for recombination, stimulating recombination specifically to the 5 0 side of the sequence (17) . Single base changes within the Chi sequence reduce or abolish its effectiveness both in vitro and in vivo (18, 24, 25) .
The biochemical nature of the RecBCD-Chi interaction is not well understood. The effects of Chi on the enzyme found in previous in vitro work are varied and depend on the reaction conditions, particularly the ATP and magnesium ion concentrations. RecBCD has greater exonuclease activity on the 3 0 -ended strand, as compared to the 5 0 -ended strand, of a dsDNA substrate (21, 26) . However, once it encounters Chi, the translocating enzyme pauses (27) , and subsequent cutting on the 3 0 -strand is attenuated leading to production of a Chispecific DNA fragment, the length of which is equal to the length of the DNA from Chi to the 5 0 end of the strand (20, 26) . Also observed under some conditions is enhanced cleavage of the 5 0 -ended strand (containing the complement of the Chi sequence) after Chi (7, 28, 29) . The enhanced cutting of this strand by the 5 0 to 3 0 exonuclease activity leads to the production of a second, upstream Chi-specific fragment (7, 29) . Based on these and other observations, two models were proposed to explain the effect of Chi on RecBCD nuclease activity. In one (30) , there is a conformational change in the enzyme after it encounters and binds to Chi, which re-positions the nuclease active site in the RecB subunit to the opposite strand of the dsDNA substrate. A second model (31) suggests that the 3 0 Chi-ended strand is bound in a Chi-specific site and is thereby excluded from the nuclease active site in that process. The 5 0 strand loops around and can be bound to the nuclease active site of RecB after the Chi encounter, where the DNA strand can be cut by the enzyme. Both models suggest that the loss of exonuclease activity on the Chi-containing strand is because of a change in positioning of the nuclease active site relative to the substrate.
At the other end of the spectrum, there is evidence suggesting that there can be general inactivation of the enzyme and complete disassembly of the subunits of RecBCD upon or after the Chi encounter. These experiments, done at relatively low magnesium ion concentrations, show that the encounter with Chi in one dsDNA substrate prevents nicking at a second Chi in the same substrate (32) and inactivates RecBCD as a helicase and nuclease towards a second DNA substrate (32) (33) (34) . Further, analysis by glycerol gradient sedimentation indicated that the three subunits dissociate after the enzyme encounters Chi in dsDNA under these conditions (34) and hence there is overall inactivation of the enzyme.
Most previous studies done on the effects of Chi on RecBCD involved the use of double-stranded DNA substrates containing Chi. However, a Chi sequence can be recognized as a single strand in a double-stranded substrate (35) . Hence, in this study we have tested the effects of Chi in single-stranded oligonucleotides on the biochemical activities of RecBCD. We tested for specific recognition of Chi by looking for Chidependent inhibition of the exonuclease and helicase activities, and of dsDNA substrate binding. We also tested for up-regulation of the 5 0 to 3 0 exonuclease activity on dsDNA. For each Chi oligonucleotide tested, a corresponding control oligonucleotide with a single nucleotide change from the Chi sequence (5 0 -GCAGGTGG-3 0 , called Chi o ) was also tested to establish specificity for the Chi sequence. The Chi o sequence is not recognized in dsDNA in vitro, and does not function as Chi in vivo (24, 25) .
Our results show inhibition of the dsDNA exonuclease and DNA unwinding activities by the Chi sequence, but only in those oligonucleotides where the Chi sequence is flanked by DNA at both ends. There was no evidence that Chi in an oligonucleotide could prevent Chi recognition in dsDNA, nor was enhanced cleavage of the strand containing the complement of Chi observed. Instead, the results are consistent with the Chicontaining oligonucleotides binding to the enzyme and preventing binding of other DNA substrates. These Chi-containing oligonucleotides may be useful for further studies to gain insight into the physical effects of Chi on the enzyme and to examine where Chi is bound by RecBCD.
MATERIALS AND METHODS

Materials
Synthetic oligodeoxyribonucleotides were purchased from Invitrogen Corp. Some batches of the oligonucleotides were desalted by the manufacturer and were used without further purification. Others were purified by high performance liquid chromatography (HPLC) by the manufacturer, and were purified further using a QIAquick Nucleotide Removal Kit (Qiagen Corp.). Essentially identical results were obtained with the separate batches of oligonucleotides. Oligonucleotide stocks were prepared in deionized distilled water and their concentrations were determined from absorbance measurements at 260 nm. Absorption coefficients were calculated by the nearest-neighbor method using the Bench Mate program (http://www.roche-applied-science.com/benchmate) and parameters given in (36) . Tritiated E.coli chromosomal DNA (4040 c.p.m./nmol nucleotide residues) was purified as described (37) . Plasmid pTZ18R DNA (2860 bp; 122 300 c.p.m./nmol nucleotide) was tritiated in vivo as described (38) and was purified using the QIAfilter Plasmid Maxi Kit (QIAgen Corp.) following the manufacturer's instructions. pBR322c
+ F plasmid DNA (18) was a gift from Dr Gerald Smith, Fred Hutchinson Cancer Research Center, and was isolated by the QIAfilter Plasmid Maxi Kit.
RecBCD enzyme was purified as described (11, 37) . C. At predetermined time intervals, 20 ml aliquots were removed, quenched in 100 ml ice-cold 10% trichloroacetic acid and 5 ml calf thymus DNA (0.5 mg/ml), and the concentration of acid-soluble nuclease reaction products was determined as described (37) .
Methods
Double
Pre-incubation of RecBCD with oligonucleotides. Some experiments were carried out by first incubating RecBCD with the oligonucleotide to be tested as an inhibitor, and then adding that to an exonuclease reaction mixture that contained the E.coli [ 3 H]DNA substrate. The basic pre-incubation conditions were those used in (34) and contained 20 mM MOPS-KOH, pH 7.0, 3 mM magnesium acetate, 5 mM ATP, 20 mM DTT, 0.01 mg/ml BSA, 50 nM RecBCD, and varying concentrations of oligonucleotide. An aliquot of the pre-incubation mixture (typically 0.8 ml) was added to a dsDNA exonuclease reaction mixture (85 ml total volume) containing the reaction components given above and acidsoluble products were measured as above. A number of variations were made, including different incubation times, temperatures, and ATP and Mg 2+ concentrations (see Results).
Reactions with Chi-containing double-stranded DNA substrate. pBR322c + F plasmid DNA was linearized by treatment with HindIII restriction endonuclease, the 5 0 phosphate was removed with shrimp alkaline phosphatase (U. S. Biochemicals Corp.), and the DNA was purified using the QIAprep Spin Miniprep Kit (QIAgen Corp.). The linearized plasmid was then 5 0 -32 P-end-labeled using polynucleotide kinase (New England Biolabs) and [g- (39) . The reaction products were repurified using the same kit and the amount of labeled DNA obtained was estimated by comparison of the band intensity to a DNA standard (High DNA Mass Ladder, Invitrogen Corp.) on a 1% agarose gel stained with ethidium bromide.
RecBCD reaction mixtures contained 25 mM Tris-acetate buffer, pH 7.5, 1 mM magnesium acetate, 1 mM ATP, 1 mM DTT, with 1.15 nM [5 0 -32 P]pBR322c + F DNA molecules, 0.31 nM RecBCD enzyme, and varying concentration of the oligonucleotides as indicated in the figure legends. The reactions were started by adding the enzyme, incubated at 37 C, and 10 ml aliquots were quenched at predetermined times in 2.5 ml of quench solution (30% glycerol, 90 mM EDTA, 0.2% bromophenol blue and 1.3% SDS). The samples were run on a 1% agarose gel at 4.2 V/cm for 2 h or at 1.0 V/cm overnight, in 1 · TBE (40 mM Tris-borate, 1 mM EDTA, pH 8.0). The gel was dried and the radioactivity was detected using a Phosphorimager (Molecular Dynamics).
A variation of the above assay was carried out to test if the oligonucleotides can inhibit RecBCD that was pre-bound to the dsDNA substrate. RecBCD was mixed with the [ 32 P]DNA and other reaction components except for ATP to allow the enzyme to bind the dsDNA. After a 2 min incubation at 37 C, a zero time-point aliquot was removed and quenched as above, and ATP alone or a mixture of ATP and the oligonucleotide was added to start the reaction. The final reaction mixtures contained 3 nM RecBCD, 2.3 nM [
32 P]DNA molecules, and other reactants as above. Samples were removed, quenched and analyzed on agarose gels as above.
Helicase assay. The helicase substrate was made by annealing two complementary DNA oligonucleotides (32 nt each):
0 end-labeled using [g-32 P]ATP and polynucleotide kinase as described in (39) . The labeled oligo2 was purified (QIAgen Nucleotide Removal Kit), and analyzed by thin layer chromatography on polyethyleneiminecellulose plates (J. T. Baker) in 1 M potassium phosphate buffer (pH 3.0) to ensure separation of residual [
32 P]ATP from the labeled oligonucleotide. The concentration of the purified labeled oligonucleotide was estimated from the amount of radioactivity (determined by scintillation counting) of samples taken before and after purification.
The double-stranded helicase substrate was prepared by mixing [ 32 P]oligo2 (5 nM) with 95 nM of unlabeled oligo2 and 102 nM of its unlabeled complementary strand (oligo1) in 0.5 M NaCl, 0.2 M Tris-acetate, pH 7.5, and 10 mM MgCl 2 . The mixture was heated to 95-100 C for 2 min, cooled gradually to 28 C in the same water bath, placed on ice for 10-15 min, and stored at 4 C or used in the assay below. The standard reaction was carried out in 25 mM Trisacetate buffer, pH 7.5, 1 mM magnesium acetate, 1 mM ATP, 1 mM DTT, 0.31 nM RecBCD enzyme, varied concentrations of oligonucleotide, and 3 nM [
32 P]dsDNA substrate. The control reaction (no oligonucleotide) had 0.1 nM RecBCD. The reactions were incubated at 37 C and 5 ml aliquots were added to 2 ml of a quench solution containing 10% glycerol, 25 mM EDTA, 0.6% SDS, 0.03% bromophenol blue and a 5-fold excess of unlabeled oligo2. The quenched samples were run on 15% polyacrylamide gels in 1 · TBE. The gels were pre-run for 30 min at 12 V/cm, the samples were loaded and the gels were run at 12 V/cm for 2 h. The gels were dried and analyzed using a Phosphorimager.
Quantitation for reactions with Chi-containing double-stranded DNA and helicase assays. The amount of dsDNA unwound and of Chi fragment produced in these assays was quantitated using the ImageQuant software (Molecular Dynamics) on the Phosphorimager. Objects were drawn to encircle the bands to be quantitated and the volume of the band was integrated using the software. The background was determined by drawing an object on a part of the gel that did not contain sample and its integrated volume was subtracted from the values obtained for each band. The percentage values were then calculated relative to the volume of the dsDNA band in the zero time-point lane.
RESULTS
We designed the series of single-stranded oligonucleotides shown in Table 1 to test for Chi-specific effects on RecBCD enzyme. These consist of an 8-mer which is just the Chi sequence itself (8- Table 1 ) to find the concentrations required to see inhibition of RecBCD exonuclease activity on a linear double-stranded DNA substrate (Figure 1 ). The longer oligomers are somewhat more potent inhibitors than the shorter oligomers (i.e. greater inhibition by the 20 and 14mers than the 8mers, at a given concentration). There was little difference in the degree of inhibition between Chi o and Chi + in the 8mers and 3 0 20mers, but the 14-merChi + inhibited somewhat more than the 14-merChi o , at a given concentration of each oligomer.
These oligonucleotide concentrations were then used in the experiments in Figures 2-4 , and in the assays of other RecBCD enzyme activities shown in subsequent figures. The effect of the 14mer oligonucleotide series on RecBCD-catalyzed nuclease reactions on linear double-stranded DNA is shown in Figure 2 . The 14mer with Chi in the center and flanked by 3 nt of additional DNA on both ends (14-merChi + ) was a more potent inhibitor of the RecBCD reaction than was an identical oligonucleotide except having the single base change to make the Chi o sequence (Figure 2A ). Both oligonucleotides (Chi + and Chi o ) are inhibitors at the concentrations tested, but the reaction rate with the 14-merChi + was about 2.2-fold less than that when the 14-merChi o was present. We also tested a 14mer [d(GCGAGTGAGTGTTG)] that is a scrambled version of the 14-merChi + , as an inhibitor in these experiments. This scrambled 14mer (at 15 mM) inhibited to a similar degree as the same concentration of 14-merChi o , and it inhibited less than the 14-merChi + (data not shown). The results with the Chi-ended 14mers are shown in Figure 2B Figure 3A , and was less potent than the 20-merChi + (data not shown). This second mutant Chi sequence was also shown to be nonfunctional as Chi in previous work (24, 25) .
We also tested the 8-merChi + , which is simply the Chi sequence with no additional flanking DNA, and 8-merChi o , in experiments such as that shown in Figure 4 . As with the larger oligonucleotides with Chi at one end (Figures 2B and C and 3B and C), there is no difference in the inhibition by Chi + versus Chi o in the 8mers (Figure 4 ). Exonuclease assays were also done using RecBCD enzyme that was first pre-incubated with the oligonucleotides and then diluted into the exonuclease reaction mixtures (see Materials and Methods). Previous experiments have shown that RecBCD that is allowed to react first with a Chi-containing dsDNA molecule under some conditions, loses activity towards a second dsDNA substrate (32) (33) (34) . We decided to test whether such a 'trans' effect of Chi could be detected using the single-stranded Chi-containing oligonucleotides. The enzyme and oligonucleotides were pre-incubated at various concentrations, temperatures (0, 23 or 37 C), Mg 2+ , ATP, and oligonucleotide concentrations, and for various times (5 min to overnight) and then diluted into the nuclease reaction mixture. The oligonucleotide concentrations in most preincubations were 0.5-2.5 mM, with 50 nM RecBCD. We expect substantial binding of the oligonucleotides to the enzyme under these conditions, given previously measured dissociation constants for single-stranded DNA molecules of similar size (40) . (The oligonucleotide concentration was much lower in the exonuclease reaction mixture itself than in the pre-incubation, due to the nearly 100-fold dilution.) In no case was there a significant difference in the amount of nuclease activity obtained with enzyme incubated with a Chi + versus a Chi o oligonucleotide (data not shown; the 14-merChi +/o , the 8-merChi +/o and 3 0 20-merChi +/o were tested). Chi-specific inhibition was seen only in reactions using RecBCD that was incubated with the 14-merChi + (20 mM) and then diluted 2-fold into the nuclease reaction mixture. Here the degree of inhibition was the same as that when 10 mM 14-merChi + was added directly to the nuclease reaction mixture (data not shown). Thus we do not observe Chi-dependent inactivation of RecBCD as has been observed when RecBCD encounters Chi in dsDNA under some reaction conditions (32) (33) (34) .
Reactions with Chi-containing double-stranded DNA
The oligonucleotides were next tested for their ability to inhibit the production of a Chi-specific fragment that arises from attenuation of nuclease activity on the Chi containing (3 0 -ended) strand of dsDNA. The substrate used in this reaction, pBR322cF + , is a 4.3 kb plasmid with a Chi site 1463 bp from one end after cleavage with HindIII [ Figure 5A and (20)]. Recognition of this site by RecBCD, followed by attenuation of its nuclease activity at that point, leads to the generation of a $1463 nt 5 0 -32 P-labeled fragment of ssDNA, the downstream Chi fragment ( Figure 5A ). Activation of opposite strand cleavage at the Chi sequence would lead to production of a $3000 nt upstream 5 0 -32 P-labeled Chi fragment (7, 28) . (The upstream Chi fragment and uncleaved full-length ssDNA are indistinct at the ATP and Mg 2+ concentrations used for our experiments and because of the absence of SSB protein, which stabilizes the single-stranded products [see (30) ]. Experiments were carried out to test whether a Chi-containing oligonucleotide could affect Chi recognition on a competing dsDNA substrate (as measured by the amount of downstream Chi-fragment obtained). The reaction could be altered in the presence of a Chi + oligonucleotide in one of two ways: qualitatively (e.g. different relative amounts of the downstream and upstream Chi fragments) or quantitatively (less overall reaction of the dsDNA).
The results show a decrease in the extent of DNA unwinding (helicase activity) and of production of the downstream Chi fragment. The results for the 14-merChi +/o are shown in Figure 5B . Figure 5C shows a plot of the percentage of the dsDNA remaining with time during the reaction. While essentially all of the DNA is unwound and degraded within 2 min in the control reaction, and 70% has disappeared in 3 min in the presence of the 14-merChi o , $30% of the dsDNA has reacted in 3 min in the 14-merChi + reaction. The total amount of downstream Chi fragment obtained is also less when the 14-merChi + is present ( Figure 5D ) presumably because of the inhibition of the unwinding reaction shown in Figure 5C . Thus, there is a quantitative difference in the degree of inhibition by the Chi + versus Chi o oligonucleotides. The results with the 20-merChi +/o are shown in Figure 6 . Again, the 20-merChi + inhibits the helicase activity much better than the 20-merChi o . After 3 min $15% of the dsDNA substrate is unwound in the presence of the 20-merChi + whereas $70% is unwound in the presence of the 20-merChi o ( Figure 6B ). The 20-merChi + also inhibited production of the downstream Chi band product more than did the 20-merChi o ( Figure 6C ). Results with the 8mer are shown in Figure 7 . There is little difference between the reactions containing the 8-merChi + and 8-merChi o oligonucleotide, again confirming that the Chi site does not seem to be specifically recognized or distinguished from the Chi o site in the 8mer constructs. There is also little difference in the inhibition by the oligomers (14 or 20mers) having Chi + or Chi o at either the 3 0 or 5 0 end, in this assay (data not shown).
Effect of oligonucleotides on RecBCD helicase activity
Since the above set of assays revealed inhibition of unwinding by the oligonucleotides with Chi + in the center (14 and 20mers), we decided to test these constructs for inhibition of DNA unwinding directly using a small (32 bp) dsDNA substrate. Results for the 14mers are as shown in Figure 8 . While $75% of the substrate is unwound in 3 min in the presence of the 14-merChi o oligonucleotide, only $30% is unwound in the reaction containing the 14-merChi + ( Figure 8B ).
Effect of oligonucleotides on pre-formed RecBCD-dsDNA complexes
The observed inhibition of the exonuclease and helicase activities might arise if oligonucleotides interfere with binding of RecBCD to the dsDNA substrate. In order to test for this effect, the Chi-cleavage assay was repeated with an initial preincubation of the enzyme and the 4.3 kb plasmid substrate for 2 min at 37 C. This pre-incubation would allow the enzyme to bind the duplex ends first without interference by the competing oligonucleotides (41) . The reactions were started by adding either ATP alone (to the control reaction) or an ATP-oligonucleotide mixture and samples were removed within the first 30 s. A higher enzyme:substrate ratio was used for this set of reactions than for those shown above, to ensure that most of the duplex ends have an enzyme molecule bound to them. The concentrations used and other details are as described in the Materials and Methods section and in the figure legend.
The 20mers inhibit very strongly when RecBCD is added to reaction mixtures containing both the [
32 P]DNA substrate and the oligonucleotide inhibitor without pre-incubation ( Figure 9A ). All of the linear substrate is consumed within 20 s in the control reaction, while very little substrate has been consumed in the first 20 s in those reactions containing the oligonucleotide inhibitors. In contrast, the enzyme that is allowed to bind first to the dsDNA substrate ( Figure 9B ) is impervious to inhibition by the oligonucleotides, and most of the substrate is consumed by the first time point whether or not an oligonucleotide is present in the mixture. This shows that allowing the enzyme to bind the [ 32 P]dsDNA substrate first ensures that oligonucleotides, even those with the Chi sequence, are unable to affect the enzyme once it initiates its helicase/nuclease activities on the dsDNA. The same result was obtained with the 8mers (data not shown).
DISCUSSION
The results in this paper show that all of the oligonucleotides tested act as inhibitors of RecBCD. The overall inhibition is length dependent, the longer the oligonucleotide the more effective the inhibition. More significantly, the Chi + oligonucleotides inhibit the activities of RecBCD much more than do the Chi o oligonucleotides, and this distinction is only seen in constructs where the Chi + or Chi o site is flanked by sequence at either end. This suggests that recognition of the Chi sequence may be a location-specific effect and flanking sequences may play an important role in this interaction. The oligonucleotides all prevent RecBCD binding to the dsDNA substrate, but they apparently do not cause any qualitative or physical changes in the enzyme as has been observed previously with Chicontaining dsDNA (32) (33) (34) .
These results suggest that a specific site exists on RecBCD that recognizes Chi and binds to it with greater affinity than to a non-Chi sequence. The greater inhibition seen due to the Chi + sequence only in the Chi-centered constructs suggests RecBCD needs a DNA 'handle' region to be able to recognize Chi. The flanking DNA in the 14-mers and 20-mers would serve as this handle enabling Chi recognition. We envision an elongated DNA binding site, a part of which binds nonspecifically to the DNA handle. This binding site merely serves as an anchor to enable better contact between RecBCD and the oligonucleotide but it does not recognize Chi ( Figure 10A) . A site adjacent to the non-specific site may be specific for Chi recognition and binding. The DNA flank in the oligonucleotide would then be important as it would ensure that the Chi sequence itself does not become the handle and go unrecognized. This may explain the lack of Chi recognition in the Chi-ended 14 and 20mers, and also the 8mer. The Chi site in all these constructs becomes part of the handle sequence itself and hence goes unrecognized ( Figure 10B) .
The fact that the oligonucleotides (whether Chi + or Chi o ) do not inhibit the enzyme which has been allowed to bind to the dsDNA substrate first (Figure 9) shows that their binding site(s) become inaccessible to the oligonucleotide when the enzyme has bound to the dsDNA. Thus our results do not provide evidence for a Chi-specific site that can be filled by a Chi-containing oligonucleotide once the enzyme starts to act on dsDNA. Instead, the non-specific site that binds the 'handle' sequence may be part of or adjacent to a non-specific DNA binding site that is also involved in the helicase activity. This would allow the enzyme to scan the DNA for the Chi site as the DNA is being unwound. The requirement for a DNA flank also suggests that if RecBCD were to start unwinding a DNA having a Chi site at the very end, it would be likely to skip the site and continue DNA degradation until it encounters the next Chi.
It is still not known which subunit(s) contains the Chispecific binding site. Mutations have been isolated in both the recB and recC genes that affect the response to Chi in vivo (42, 43) . The recC mutant enzyme responds to a variant of the Chi sequence as might be expected if the mutation has changed a Chi-specific binding site (15, 44) , suggesting that RecC has the Chi-specific binding site. However, in a photocrosslinking experiment probing RecBCD bound to the end of linear dsDNA, RecC was crosslinked to the 5 0 -ended strand, while RecB was found to bind the 3 0 -ended strand of dsDNA (45) . Since Chi must be in the 3 0 -ended strand for recognition by the translocating RecBCD enzyme, this would suggest that RecB might have the Chi-specific site. RecB must contain nonspecific DNA binding site(s), since the protein is a DNAdependent ATPase, helicase and endonuclease (8, 11) . The isolated RecC protein does not bind DNA (46) , but RecC stimulates the ATP hydrolysis and helicase activities of RecB (40, 47, 48) . A simple model is that the non-specific DNA binding sites shown in Figure 10 reside in RecB. A DNA binding region in RecC that is specific for Chi could be at an interface with RecB, and contribute greater affinity for Chi than for non-specific DNA to the RecBCD complex. In preliminary photocrosslinking experiments using RecBCD and the 14-merChi + , we find that the RecC protein appears to be the main subunit crosslinked (A. Kulkarni and D. A. Julin, unpublished results). Efforts are underway to identify more precisely the specific amino acid residues involved in the crosslinking. 
